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Using serial analysis of gene expression we have pre-
viously identi¢ed the expression of several pro-apopto-
tic and anti-apoptotic genes in cultured human primary
epidermal keratinocytes, including tumor necrosis fac-
tor related apoptosis inducing ligand (TRAIL). TRAIL
is a potent inducer of apoptosis in transformed and
tumor cell lines, but usually not in other cells. Here we
present a study on the e¡ect of TRAIL on cultured ker-
atinocytes. It is shown that di¡erentiated and undi¡er-
entiated keratinocytes undergo apoptosis after addition
of TRAIL to the medium as determined by morpholo-
gic and biochemical criteria, such as cellular shrinkage
and activation of caspases. The sensitivity for TRAIL
di¡ers greatly between undi¡erentiated and di¡erentiat-
ing keratinocytes, however, with undi¡erentiated cells
being much more susceptible to apoptosis. Commit-
ment to terminal di¡erentiation in the absence of
TRAIL does not in itself induce apoptosis. In contrast
to the promyelocytic cell line HL60, internucleosomal
DNA fragmentation is not observed in keratinocytes,
as assessed by £ow cytometric analysis and agarose gel
electrophoresis. Interestingly, the prime e¡ector of
DNA fragmentation, DNA fragmentation factor of 40
kDa (DFF40), is expressed in keratinocytes, yet internu-
cleosomal cleavage fails to occur. Our data indicate that
programmed cell death during keratinocyte di¡erentia-
tion is distinct from receptor-mediated apoptosis in
response to a death ligand. Key words: caspase/di¡erentia-
tion/DNA fragmentation/keratinocyte/skin. J Invest Derma-
tol 121:1433 ^1439, 2003
H
uman epidermis is a strati¢ed, squamous epithe-
lium mostly consisting of keratinocytes, and
constitutes the outermost part of the skin. Basal
proliferating keratinocytes supply the outer layers
of the epidermis with keratinocytes that are set to
undergo a terminal di¡erentiation program. This tightly coordi-
nated, complex program ultimately leads to the the formation of
the stratum corneum, a layer of deceased cells that are covalently
linked through a network of structural proteins, thus providing a
defensive barrier against biologic, chemical, and physical stimuli
(Watt, 1989; Fuchs, 1993; Eckert et al, 1997a, 1997b). There is evi-
dence that apoptosis and terminal di¡erentiation are two distinct
processes: terminal di¡erentiation is not associated with mem-
brane blebbing and nuclear condensation, and the process
requires days to complete, as opposed to hours for apoptosis
(Gandarillas et al, 1999). Interestingly, it has recently been shown
that the typical pro-apoptotic, short prodomain e¡ector caspases-
3, -6, and -7 are not activated during terminal di¡erentiation in
the epidermis. Terminal di¡erentiation does involve the skin-spe-
ci¢c caspase-14, however, which is exclusively expressed in the
stratum granulosum, a layer just below the stratum corneum of
the epidermis (Eckhart et al, 2000; Lippens et al, 2000).
In addition to the normal pathway of programmed cell death
during terminal di¡erentiation, keratinocytes have the armament
to undergo apoptosis upon genomic and toxic insult. High doses
of ultraviolet (UV) irradiation induce apoptosis directly by DNA
damage (Kulms et al, 1999; Kulms and Schwarz, 2000; Pfundt
et al, 2001), or activation of the tumor suppressor p53 (Ziegler
et al, 1994; Liu et al, 1996), direct triggering of cell death receptors
(Aragane et al, 1998; Sheikh et al, 1998), or autocrine release of
death ligands (Leverkus et al, 1997). Furthermore, several clinical
conditions are associated with excessive apoptosis in the epider-
mis. Autocrine expression of FasL has been described in toxic
epidermal necrolysis, a severe adverse, drug-induced reaction in
which keratinocytes die and epidermis separates from the dermis
(Viard et al, 1998), and a role of T-cell-mediated FasL-induced
apoptosis in keratinocytes has been established for various forms
of dermatitis (Traidl et al, 2000;Trautmann et al, 2000).
We have previously shown, by means of serial analysis of gene
expression (SAGE), that the tumor necrosis factor (TNF) homo-
log TNF-related apoptosis inducing ligand (TRAIL) is moder-
ately expressed in keratinocytes at the mRNA level (Jansen et al,
2001). TRAIL is known to be a potent inducer of apoptosis in
various tumors and cell lines derived thereof, but it has recently
been shown that TRAIL can also induce apoptosis through a cas-
pase-dependent pathway in hepatocytes, raising concerns about
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the applicability of TRAIL in cancer therapy (Jo et al, 2000).
TRAIL can induce apoptosis in primary keratinocytes, but the
apoptotic response is far less intense than in the transformed ker-
atinocyte cell line HaCaT (Leverkus et al, 2000), whereas others
have claimed that primary keratinocytes are resistant to TRAIL-
induced apoptosis (Kothny-Wilkes et al, 1998), or that sensitivity
toTRAIL requires the addition of the protein synthesis inhibitor
cycloheximide (Basile et al, 2001). TRAIL expression was pre-
viously established at both the mRNA and protein levels in cul-
tured keratinocytes (Kothny-Wilkes et al, 1998). Furthermore,
there is evidence that theTRAIL preparation in£uences the sever-
ity of the apoptotic response: TRAIL fused to a leucine zipper
motif is able to rapidly induce apoptosis in human keratinocytes,
whereas nontagged TRAIL does so to a much lesser extent (Qin
et al, 2002).
Here we have sought to determine the e¡ect of TRAIL on cul-
tured keratinocytes, using a model system that allows di¡erentia-
tion in a submerged culture (Van Ruissen et al, 1996; Pfundt et al,
2000).We show that TRAIL is able to induce apoptosis in cul-
tured keratinocytes, and that the severity of the apoptotic re-
sponse is dependent on both concentration of TRAIL and
commitment to di¡erentiation. We were unable to demonstrate
internucleosomal DNA fragmentation, a biochemical hallmark
of apoptosis (Wyllie et al, 1980; Hengartner, 2000), by means of
agarose gel electrophoresis and £ow cytometry. Although quanti-
tative RT-PCR indicated that DNA fragmentation factor of
40 kDa (DFF40) is expressed in human primary keratinocytes,
the mechanism by which DNA is degraded during apoptosis
and di¡erentiation remains unknown. Our data suggest that ker-
atinocyte cell death as a result of terminal di¡erentiation is di¡er-
ent from apoptosis in response to a death ligand.
MATERIALS AND METHODS
Cells and cell culture Primary keratinocytes were obtained as described
elsewhere (Van Ruissen et al, 1996). Cells were grown to con£uence (106
cells) at 371C in 5% CO2 in six-well tissue culture plates in keratinocyte
growth medium (KGM) consisting of KBM (0.15 mM Ca2þ ;
BioWhittaker, Verviers, Belgium) supplemented with ethanolamine (0.1
mM; Sigma, St Louis, MO), phosphoethanolamine (0.1 mM, Sigma),
bovine pituitary extract (0.4% vol/vol; BioWhittaker), epidermal growth
factor (10 ng per mL; Sigma), insulin (5 mg per mL; Sigma),
hydrocortisone (0.5 mg per mL; Collaborative Research, Lexington, MA),
penicillin (100 U per mL; Life Technologies, Gaithersburg, MD), and
streptomycin (100 mg per mL; Life Technologies). Cells were not switched
or were switched to KGM depleted of growth factors (bovine pituitary
extract, epidermal growth factor, hydrocortisone, and insulin) for 24 h
before being stimulated for various periods of time with di¡erent
concentrations of TRAIL (Biomol, Plymouth Meeting, PA). This
commercial preparation of TRAIL comprises amino acids 114^281 and has
an estimated molecular weight of 23 kDa. It has been expressed in and
isolated from Escherichia coli, and was shipped in phosphate-bu¡ered saline
(PBS) (pH 7.0) containing 0.1 mM dithiothreitol.
HL60 cells were cultured at 371C in 5% CO2 to a density of 10
7 cells per
mL in RPMI Complete (10% fetal bovine serum (Harlan SeraLab,
Crawley Down, UK) in RPMI (ICN Biomedicals, Costa Mesa, CA), 100
U per mL penicillin, and 100 mg per mL streptomycin). Fetal bovine serum
was heated for 30 min at 561C in order to avoid e¡ects of components that
may interfere with apoptosis. HL60 cells were directly stimulated with
various concentrations of TRAIL in their medium. Protocols for biopsy
taking for cell cultures were approved by the local medical ethics committee.
Immunohistochemistry and hematoxylin/eosin staining of cultured
keratinocytes Keratinocytes were cultured on Thermanox coverslips
(Nalge Nunc International, Rochester, NY) as indicated. In the case of
immunohistochemistry, cells were ¢xed in 1:1 vol/vol methanol/acetone
for 10 min at 201C, air dried, and incubated in PBS pH 7 for 15 min at
room temperature. Cells were then preincubated with 20% horse serum
for 15 min at room temperature, followed by incubation with a primary
mouse monoclonal antibody against CK10 (ICN Biomed, Costa Mesa,
CA), diluted 1:25 in 1% bovine serum albumin in PBS, 1 h at 371C under
gentle agitation. Cells were further stained with the Vectastain Elite
mouse IgG kit (Vector Laboratories, Burlingame, CA), following the
manufacturer’s recommendations. Cells were counterstained with Mayer’s
hematoxylin (Sigma) and mounted in glycerolgelatin (Sigma). A
negative control without primary antibody was included for both
undi¡erentiated and di¡erentiated keratinocytes.
In the case of hematoxylin/eosin staining, 3 h after stimulation of
keratinocytes with 250 ng per mL TRAIL, coverslips were collected and
washed in PBS and cells were ¢xed for 10 min in ice-cold methanol/
acetone 1:1 vol/vol, incubated at 201C for 10 min, and stored at 201C
until further use. Before staining, cells were incubated in 70% ethanol;
they were then stained with hematoxylin (Sigma) for 10 min, washed for
10 min with tap water, and counterstained with eosin for 90 s. Cells were
washed three times with 100% ethanol. Coverslips were mounted using
Permount (Fisher Scienti¢c, Fairlawn, NJ). Cells were examined under a
light microscope at a magni¢cation of 100  and photographed.
Protein extraction, polyacrylamide gel electrophoresis, and western
blot analysis Cultured keratinocytes were harvested at various times
after stimulation with TRAIL, depending on the protein under
investigation, in 150 mL Laemmli bu¡er (Bio-Rad, Hercules, CA), and
b-mercaptoethanol was added to a ¢nal concentration of 5% vol/vol.
Samples were soni¢cated and boiled for 3 min, and 15 mL was loaded
onto 15% polyacrylamide TrisHCl Ready Gels (Bio-Rad) or 12%
BisTris NuPAGE gels (Invitrogen, Breda, The Netherlands) and run for
45 min at 175 V in bu¡er supplied by the manufacturer, along with
Kaleidoscope prestained size standards (Bio-Rad) and Biotinylated
Protein Marker (Cell Signaling, Beverley, MA). After the run, protein
was blotted onto polyvinylidene £uoride membrane in a Tris/glycine/
methanol bu¡er at 400 mA for 30 min. Membranes were washed with
Tris-bu¡ered saline/Tween-20 (TBS/T) and blocked for 1^2 h in Blotto/
0.1% Tween-20 (Bio-Rad). Membranes were incubated overnight at 41C
with primary mouse antibodies, diluted 1000  in Blotto, against either
human caspase-3 (monoclonal; R&D Systems, Minneapolis, MN) or
human caspase-8 (monoclonal; BioSource, Camarillo, CA), each
recognizing both their inactive substrates and activated caspases, or
primary rabbit antibodies against TRAIL (polyclonal; Santa Cruz
Biotechnology, Santa Cruz, CA). After washing with TBS/T, membranes
were incubated with secondary antibodies, biotinylated goat antimouse or
goat antirabbit and horseradish peroxidase conjugated goat antibiotin,
1000  diluted in Blotto. Membranes were washed with TBS/T, and
then incubated with LumiGLO (Cell Signaling, Beverly, MA) and
peroxidase. Membranes were then exposed to Kodak X-OMAT UV ¢lm
and autoradiographs were developed after 1 min, 2 min, and 7.5 min.
Autoradiographs showing caspase-3 activation were analyzed digitally
with ImageMaster software, v1.0 (Pharmacia, Uppsala, Sweden).
Isolation of genomic DNA and agarose gel electrophoresis At
various time intervals after TRAIL stimulation of keratinocytes, 1.5 mL
2  lysis bu¡er (200 mM TrisHCl pH 8, 10 mM ethylenediamine
tetraacetic acid, 0.4% sodium dodecyl sulfate, 400 mM NaCl, and 400 mg
per mL proteinase K) was added to cultured keratinocytes submerged in
1.5 mL medium. Samples were incubated for 2 h at 501C, and extracted
twice with 1 volume phenol/chloroform, followed by one extraction with
chloroform. DNA was precipitated with 1 volume isopropanol and
centrifuged at 12,000  g for 45 min. Pellets were washed twice with
70% ethanol, air dried, and resuspended in 10 mM TrisHCl pH 8,
1 mM ethylenediamine tetraacetic acid. DNA concentration was
determined spectrophotometrically, and 1 mg of DNAwas run on a 1.5%
agarose gel in 1  TAE (Bio-Rad). DNA was visualized with UV light,
using ethidium bromide as a chromophore.
Flow cytometry After stimulation with TRAIL for 3 h, cells were
incubated with 0.25% trypsin in PBS for 7^8 min at 371C. Trypsinization
was stopped by adding 6 vol KGM supplemented with 5% fetal bovine
serum (Harlan SeraLab, Crawley Down, UK). Cells were collected by
gentle centrifugation (300  g) for 7^8 min and washed three times with
PBS. After the last wash, cells were resuspended in PBS containing 1% wt/
vol paraformaldehyde, incubated on ice for 15 min, pelleted by gentle
centrifugation, and washed several times with PBS containing 1% wt/vol
bovine serum albumin. 50 mL 10 mg per mL RNase A was added to the
pellet, along with 40 mg per mL propidium iodide in PBS, and the
sample was incubated in the dark for at least 15 min at room temperature,
and washed and resupended in PBS. Cells were analyzed on the Epics Elite
£ow cytometer equipped with a 40 mWair-cooled argon laser set at 15 mW
and tuned at a wavelength of 488 nm. Red £uorescent propidium iodide
signals were detected through a 630 nm long-pass ¢lter. Usually 104 cells
were measured at a £ow rate of 50 cells per s. Data were collected and
analyzed with the WinsList Software Package, v4.0 (Verity Software
House,Topsham, ME).
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Isolation of total RNA Total RNAwas isolated from cultured primary
keratinocytes and HL60 cells by lysing cells in RNase All (2.1M guanidine
thiocyanate (Research Organics, Cleveland, OH), 8.5 mM N-
laurylsarcosine (Sigma), 12.5 mM NaAc pH 5.2, 0.35% vol/vol b-
mercaptoethanol (Merck, Darmstadt, Germany), and 50% vol/vol
Tris-saturated phenol pH 8.0 (Biosolve, Amsterdam, The Netherlands))
and collected using a cell scraper. Total RNAwas extracted by adding 1/10
of a volume of chloroform and centrifugation at 12,000  g at 41C for 15
min. The aqueous phase was recovered and total RNAwas precipitated by
adding an equal volume of isopropanol, followed by an incubation on ice
for 45 min. RNAwas pelleted by centrifugation at 12,000  g for 15 min,
and the pellet was washed with 70% ethanol and dried at room
temperature. The pellet was then resuspended in 0.1 mL NSE (50 mM
NaAc, 0.2% sodium dodecyl sulfate, 2 mM ethylenediamine tetraacetic
acid) and 375 mL 100% ethanol was added. For quantitation, 10 mL of this
suspension was used to pellet RNA, and the pellet was resuspended in 1
mL H2O. Purity and concentration of total RNA were determined
spectrophotometrically.
Real-time quantitative RT-PCR 2 mg of total RNA, from HL60 cells
and cultured primary keratinocytes, was converted to single-stranded
cDNA using the Superscript kit (Life Technologies), following the
manufacturer’s guidelines. Quantitative PCR were performed using the
PCR SYBR Green Master Mix (Applied Biosystems, Foster City, CA)
following the manufacturer’s guidelines. Optimal dilution for quantitative
PCR of the cDNAwas determined at 10,000  . For the PCR to identify
DFF40 the following primers were used: 50 -GAGGACCCGCCGTGGTTTG-
AAG-30 (CAD540-forward) and 50 -ATGGAGCCGAGGACCCGCAG-30
(CAD709-reverse). As a reference, the expression of porphobilinogen
deaminase was measured using commercially available primers. Reactions
were performed in an ABI PRISM 7700 Sequence Detection System
(Applied Biosystems), following the manufacturer’s protocol. Relative
expression levels of DFF40 in two samples derived from HL60 cells
and two samples derived from human primary keratinocytes were
determined, and reactions per sample were performed in triplicate. The
di¡erence in expression levels between HL60 cells and primary
keratinocytes was analyzed, following the manufacturer’s guidelines.
RESULTS
Trail is expressed in human keratinocytes and epidermis and
induces apoptosis in cultured, primary human keratino-
cytes We have previously constructed SAGE libraries of
resting and TNF-a-stimulated keratinocytes and found that
various genes involved in apoptosis and survival were expressed
in cultured keratinocytes, irrespective of TNF-a stimulation
(Jansen et al, 2001). There is considerable evidence that mRNA
levels may not re£ect the actual expression of a gene at the
protein level (Gygi et al, 1999).We therefore veri¢ed the expres-
sion of TRAIL protein in our culture model. Undi¡erentiated
cells and cells that had committed to di¡erentiation for 24 h
were harvested in reducing protein sample bu¡er and were
subjected to western blot analysis, using rabbit polyclonal
antibodies raised against human recombinant TRAIL corres-
ponding to amino acids 25^281. As shown in Fig 1(A), we
could indeed con¢rm TRAIL protein expression, as its
monomers of approximately 35 kDa are readily detectable in our
culture model, irrespective of di¡erentiation state. Expression of
TRAIL-R1 and TRAIL-R2 in cultured keratinocytes has been
demonstrated by others (Leverkus et al, 2000). Apparently the
constitutive expression of TRAIL is not su⁄cient to induce
apoptosis in the culture system used, which may be due to low
levels of TRAIL or the action of the antiapoptotic machinery.
Here we investigate the response of keratinocytes to human
recombinant TRAIL, using a previously described culture model
(Van Ruissen et al, 1996). Both undi¡erentiated (cultured to
con£uence) and di¡erentiating keratinocytes (cultured to
con£uence, then cultured in medium without growth factors for
24 h) were exposed to TRAIL at concentrations of 0 (negative
control, Fig 1B, pictures A, D) and 250 ng per mL (Fig 1B,
pictures C, F) and stained with hematoxylin/eosin in order to
visualize morphologic changes. Di¡erentiation was investigated
by immunohistochemical staining of undi¡erentiated and
di¡erentiated keratinocytes with a monoclonal antibody against
cytokeratin 10 (CK10), a marker for di¡erentiation. As shown in
Fig 1B, picture B, undi¡erentiated keratinocytes do not display any
commitment to di¡erentiation as they do not express CK10,
whereas expression was visible in cells that had committed to
di¡erentiation for 24 h. Interestingly, the absence of CK10
expression, and thus the absence of di¡erentiation, coincides
with increased sensitivity to apoptosis induced by TRAIL. Un-
di¡erentiated keratinocytes readily show apoptotic, morphologic
features like nuclear condensation and cellular shrinkage within
3 h of stimulation with 250 ng per mLTRAIL (Fig 1B, picture C;
in detail, picture G); virtually all cells had undergone or were
undergoing apoptosis and most of them had detached from the
culture dish. Cells that were allowed to di¡erentiate for 24 h
were far less sensitive to TRAIL-induced apoptosis, as shown in
Fig 1B, picture F, although an occasional cell did display apoptotic
features. It should be noted that apoptosis was still incomplete at
3 h after stimulation, and that all undi¡erentiated cells had
detached from the culture dish after 16 h (data not shown).
Negative controls do not display apoptotic morphology,
Figure1. TRAIL is expressed in the culture model used throughout
the study, and induces apoptosis in cultured human epidermal ker-
atinocytes. Protein samples derived from undi¡erentiated and di¡eren-
tiated keratinocytes were subjected to western blot analysis using a rabbit
polyclonal against recombinant human TRAIL, which recognizes the full
length human TRAIL of approximately 35 kDa. See Results for details.
Undi¡erentiated keratinocytes were stimulated directly with 0 (negative
control, picture A) and 250 ng per mL TRAIL (picture C; detail, picture G),
or ¢rst di¡erentiated for 24 h before stimulation with 0 (negative control,
picture D) and 250 ng per mL TRAIL (picture F). Apoptotic cells were
stained with hematoxylin to visualize nuclei, and counterstained with eo-
sin. Apoptotic cells are characterized by cellular shrinkage and membrane
blebbing. Di¡erentiation was checked immunohistochemically by staining
with a monoclonal antibody against cytokeratin 10, which is absent in un-
di¡erentiated cells (picture B) but present in cells that have committed to
di¡erentiation (picture E). Neg, negative control; undi¡, undi¡erentiated;
di¡, di¡erentiating; aCK10, antibody against cytokeratin 10.
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indicating that endogenously expressed TRAIL is apparently not
able to trigger apoptosis, regardless of di¡erentiation (Fig 1B,
pictures A, D).
Induction of apoptosis by trail activates executioner
caspase-3 As the morphologic analysis (Fig 1B) suggested that
di¡erentiating cells were less sensitive toTRAIL, we investigated
whether keratinocyte di¡erentiation in£uences the apoptotic
response as measured by caspase-3 activation. It appears that
undi¡erentiated keratinocytes are more sensitive to TRAIL-
induced apoptosis than those committed to di¡erentiation for
24 h (Fig 2). Furthermore, the band representing the 18 kDa
subunit of activated caspase-3 is almost absent in di¡erentiating
keratinocytes, and there is still a considerable amount of
unprocessed, inactive caspase present even at the highest
concentration of TRAIL used. Indeed, digital densitometric
analysis revealed that TRAIL activated caspase-3 to a much
higher degree in undi¡erentiated cells as the ratio of activated
caspase (18 and 20 kDa bands) to procaspase was more than 400
times higher in these cells at 250 ng per mL TRAIL. At 125 ng
per mL TRAIL, this ratio was still 15 times higher in
undi¡erentiated keratinocytes (Fig 2, bottom). Taken together,
these data indicate that TRAIL-induced apoptosis is incomplete
in di¡erentiating keratinocytes, and that undi¡erentiated
keratinocytes are extremely sensitive to TRAIL-induced
apoptosis.
Apoptosis is induced through proximal caspase-8 It has
recently been shown that TRAIL-induced apoptosis through
TRAIL-R2 requires the recruitment of Fas-associated death
domain containing protein (FADD) and caspase-8 to the death-
inducing signaling complex (DISC), which is associated
intracellularly with TRAIL-R2 (Bodmer et al, 2000; Kischkel
et al, 2000; Sprick et al, 2000). Upon binding of TRAIL to
TRAIL-R2, it is believed that conformational changes in the
DISC induce proteolytic activation of caspase-8 (Muzio et al,
1998; Salvesen and Dixit, 1999; Hengartner, 2000). In order to
verify that apoptosis is indeed mediated through a receptor and
DISC, keratinocytes were grown to con£uence, and either
directly stimulated with TRAIL or di¡erentiated for 24 h before
stimulation. Cells were harvested 90 min after stimulation
(Leverkus et al, 2000) in reducing protein sample bu¡er and
subjected to western blot analysis. Caspase-8 was identi¢ed with
a mouse monoclonal antibody that recognizes inactive
procaspase-8 of 55 kDa, the intermediate cleavage product of
41 kDa, and the p18 subunit of activated caspase-8. As can be
seen in Fig 3, caspase-8 activation is readily induced byTRAIL in
undi¡erentiated keratinocytes at concentrations as low as 63 ng
per mL TRAIL, whereas only the highest concentration of
250 ng per mL TRAIL was able to activate caspase-8 in cells
that had di¡erentiated for 24 h (Fig 3), albeit at an almost
undetectable level. TRAIL-induced apoptosis in keratinocytes is
therefore mediated through one of its receptors TRAIL-R1 or
TRAIL-R2, and this activation is dependent on both TRAIL
concentration and the di¡erentiation status of the keratinocyte
culture.
DNA fragmentation is not induced during apoptosis in
keratinocytes, but its prime e¡ector DFF40 is expressed In
addition to the morphologic and biochemical evidence for
TRAIL-induced apoptosis, another hallmark, internucleosomal
DNA fragmentation (Wyllie et al, 1980; Hengartner, 2000), was
also investigated. Activation of DFF40 during apoptosis leads to
an internucleosomal digestion pattern of genomic DNA that
appears as fragments of (multiples of) 180 bp on an agarose gel
(Liu et al, 1997; Sakahira et al, 1998). When analyzed by agarose
gel electrophoresis, however, typical DNA fragmentation could
not be detected in apoptotic keratinocytes (Fig 4D, inset).
Rather, a smear instead of distinct fragments of degraded
genomic DNA appeared. As a control, HL60 cells were also
included in the experiment, and these cells readily show DNA
fragmentation 3 h after TRAIL stimulation (Fig 4B, inset). Flow
cytometric analysis of apoptotic keratinocytes, either by
propidium iodide staining (Fig 4D) or TUNEL (not shown),
did not reveal typical DNA fragmentation, whereas once again
HL60 cells readily underwent fragmentation (Fig 4B). To our
surprise, the G1 peak did not tend to disappear in keratinocytes
that had been treated with 250 ng per mL of TRAIL,
suggesting that the apparent total cellular content of DNA
hardly changes in apoptotic keratinocytes. Nonstimulated cells
served as negative controls and did not show fragmentation in
either HL60 cells (Fig 4A) or keratinocytes (Fig 4C). As DFF40
is the prime e¡ector of DNA fragmentation in apoptosis, we
investigated whether the expression levels of DFF40 in
keratinocytes could explain the lack of DNA fragmentation in
these cells. Real-time quantitative PCR only revealed a small
di¡erence in DFF40 expression between HL60 and keratinocytes
(  2.5-fold lower in the latter; Fig 5), suggesting that other as
yet unidenti¢ed mechanisms are responsible for DNA degra-
dation, which may or may not involve DFF40.
Figure 2. Human caspase-3 is activated byTRAIL to a much high-
er degree in undi¡erentiated cultured human keratinocytes. Undif-
ferentiated (right side) and di¡erentiated (for 24 h, left side) cells were
incubated with 0 (negative control), 15, 31, 63, 125, or 250 ng per mL
TRAIL, and harvested 3 h later in Laemmli reducing sample bu¡er. Bot-
tom: The ratio of activated (18 kDa and 20 kDa products) caspase-3 to pro-
caspase as determined by digital densitometric analysis.
Figure 3. Human caspase-8 is rapidly activated byTRAIL in undif-
ferentiated cultured human keratinocytes. Undi¡erentiated (left side)
and di¡erentiated (for 24 h, right side) cells were incubated with 0 (negative
control), 63, or 250 ng per mL TRAIL, and harvested 90 min later in
Laemmli reducing sample bu¡er. Samples were run on a 12% polyacryla-
mide gel, and blotted onto a polyvinylidene £uoride membrane. Caspase-8
was detected with a mouse monoclonal antibody against the active 18 kDa
subunit of caspase-8, which also recognizes the active procaspase-8 and an
intermediate of 41 kDa. The 43 kDa band seen in di¡erentiated keratino-
cytes probably also represents an intermediate.
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DISCUSSION
We have previously shown, by means of SAGE, that cultured
keratinocytes express various mediators of apoptosis, irrespective
of stimulation with TNF-a. TRAIL, a TNF family member, was
found to be expressed at moderate levels and a role for this cyto-
kine in keratinocyte homeostasis and di¡erentiation, if any, has
yet to be established. Its expression has been con¢rmed at the
mRNA (data not shown) and protein levels by means of RT-
PCR and western analysis, respectively, con¢rming results from
others (Kothny-Wilkes et al, 1998). In this study, we show both
morphologically and biochemically that the induction of apopto-
sis byTRAIL is dependent onTRAIL concentration and the dif-
ferentiation status of keratinocytes, using a previously described
submerged culture system that allows terminal di¡erentiation
(Van Ruissen et al, 1996). Keratinocytes show nuclear condensa-
tion and cellular shrinkage within 3 h after addition of TRAIL
to the medium, albeit to a much lesser extent when cells have
committed to di¡erentiation. It is shown that both caspase-8
and caspase-3 are activated in keratinocytes upon exposure to
TRAIL, indicating that TRAIL acts through one of its two death
receptors,TRAIL-R1 or TRAIL-R2, and the DISC, and that the
e¡ects seen in culture are not due to necrosis. Internucleosomal
DNA fragmentation could not be detected in keratinocytes,
either by agarose gel electrophoresis or by £ow cytometric analy-
sis. By means of quantitative RT-PCR, however, it is shown that
DFF40, the prime e¡ector of this phenomenon, is expressed in
human keratinocytes.
The culture model that we used provides the opportunity to
compare the responses of undi¡erentiated and di¡erentiating ker-
atinocytes. The fact that there is still some apoptosis in di¡eren-
tiating cultures probably re£ects the proportion of cells that are
still proliferating after being switched to medium without
growth factors. Although studies have been performed in the past
where the e¡ect of TRAIL on primary cultured keratinocytes
was found to be mild or absent, it should be noted that these stu-
dies did not take into account the state of di¡erentiation of kera-
tinocytes. Leverkus et al (2000) have shown that resistance to
apoptosis is mediated through the apotosis inhibitor FADD-like
inhibitory protein (cFLIP), but the same study does not rule out
that cFLIP expression is lower or absent in undi¡erentiated pri-
mary keratinocytes. Our SAGE studies indicate that cFLIP is ex-
pressed in di¡erentiated keratinocytes albeit at low levels. In
another study, Kothny-Wilkes et al (1998) claim that primary ker-
atinocytes are insensitive to TRAIL, which we found not to be
the case. The fact that undi¡erentiated keratinocytes are far more
sensitive to TRAIL and respond by undergoing massive apopto-
sis, in contrast to di¡erentiating keratinocytes, suggests that cul-
ture conditions have an enormous impact on the degree of
apoptosis in these cells. It has recently become apparent that cul-
tured primary keratinocytes are relatively resistant to UV-induced
apoptosis when they have been grown to con£uence or have un-
dergone senescence, whereas the transformed keratinocyte cell
line HaCaT is much more sensitive (Chaturvedi et al, 1999). It
appears that the susceptibility of HaCaT can at least in part be
ascribed to the absence of the tumor suppressor p16 (due to pro-
moter methylation) and dysfunctional nuclear factor kB (NF-
kB), which in its functional state is implicated in cell survival
pathways. Interestingly, the same study showed that subcon£uent,
undi¡erentiated keratinocytes are much more prone to apoptosis,
but that death resistance does not require early di¡erentiation. It
has also been shown that NF-kB is responsible for the apoptosis-
resistant phenotype of keratinocytes (Qin et al, 1999). TRAIL-in-
duced apoptosis in keratinocytes apparently does not depend in
the same way on the state of di¡erentiation as UV-induced apop-
tosis, which may also re£ect di¡erent death pathways. First, con-
£uent, undi¡erentiated keratinocytes still underwent massive
apoptosis, and second, only a short period of di¡erentiation of 3
h already caused considerable resistance toTRAIL-induced death
(data not shown). This suggests that the presence of a fully di¡er-
entiated phenotype is not required to confer resistance to apopto-
sis, but that the commitment to terminal di¡erentiation is
su⁄cient. That di¡erent death pathways exist in keratinocytes is
suggested by the ¢nding that interleukin-1 can inhibit TRAIL-
and Fas-induced apoptosis in the transformed keratinocyte cell
line HaCaT, but not UV-induced apoptosis (Kothny-Wilkes et al,
1999). The inhibitory e¡ect of interleukin-1 involves the activa-
tion of NF-kB, but it even enhances the apoptotic e¡ect of UV
irradiation. How these pathways converge or diverge has yet to be
determined, as also TNF-a is released during UV-induced apop-
tosis and may add to massive cell death.
It has been shown that TRAIL and other death ligands can also
activate p38 MAP kinase through their cognate receptors, leading
to increased expression of pro-apoptotic genes and eventually to
autoampli¢cation of apoptosis in the target cell (Herr et al, 2000;
Hou et al, 2002). It is tempting to speculate that proliferating cells
are thus more prone to apoptosis, as p38 MAP kinase has also
been implicated in relieving the Rb-mediated repression of the
cell-cycle regulator and transcription factor E2F1 (Wang et al,
1999). This protein promotes S-phase entry during the cell cycle,
but it can also promote apoptosis by transcriptional and post-
translational mechanisms, although a recent report implicates
E2F1 in the suppression of UV- and g-irradiation-induced apop-
tosis (Wikonkal et al, 2003). Nevertheless, E2F1 is able to induce
the expression of pro-apoptotic genes (Pediconi et al, 2003) and,
Figure 5. Real-time quantitative PCR only revealed a small (2.5-
fold) di¡erence in expression levels of DFF40 in cultured keratino-
cytes and HL60 cells. See Materials and Methods for details.
Figure 4. DNA fragmentation was investigated in HL60 cells and
keratinocytes by means of agarose gel electrophoresis (insets) and
propidium iodide staining, followed by £ow cytometric analysis.
Cells were stimulated with 250 ng per mLTRAIL for 3 h. (A) HL60 cells,
unstimulated (negative control); (B) HL60 cells, stimulated; (C) undi¡eren-
tiated keratinocytes, unstimulated; (D) undi¡erentiated keratinocytes, sti-
mulated. Note the absence of fragmentation in keratinocytes.
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when relieved from Rb-mediated repression by p38 MAP kinase,
may contribute to the massive cell death seen in proliferating ker-
atinocytes in response to TRAIL. Di¡erential and coordinated
expression of E2F family members and Rb proteins modulate
epidermal di¡erentiation and play opposite roles during cell dif-
ferentiation (Paramio et al, 2000), which may also in part account
for the di¡erences seen in apoptotic responses of proliferating and
di¡erentiating keratinocytes.
TRAIL is also expressed in human epidermis at the mRNA
level (data not shown), posing questions about its function in epi-
dermal homeostasis. As the epidermis is at the interface of the
environment and the organism, and is constantly exposed to en-
vironmental insult, it may serve as an apoptotic stimulus to
neighboring cells whenever they are subject to processes that in-
£ict irreversible damage. It thus provides an e⁄cient means to kill
unwanted cells (damage control). Recently, however, it has be-
come apparent that TRAIL can be involved in reverse signaling,
where signals are not transduced through the receptor but
through the membrane anchored ligand upon ligation. This has
been demonstrated for activated T cells, where signaling though
TRAIL enhances proliferation and interferon-g production
through a p38/MAPK dependent pathway (Chou et al, 2001). It
is tempting to speculate that TRAIL, although expressed in many
di¡erent tissues, also may play a role in skin development or
homeostasis. The established expression of TRAIL-R1, TRAIL-
R2, and TRAIL-R4 (Leverkus et al, 2000) also adds fuel to the
idea that this cytokine may play a more complex role than just
being an inducer of apoptosis in the skin.
One of the key features of terminal keratinocyte di¡erentiation
is that cells eventually will undergo programmed cell death,
which takes days to complete as opposed to hours in response to
TRAIL. Interestingly, this normal di¡erentiation process is not
associated with internucleosomal DNA fragmentation in cul-
tured primary keratinocytes. Real-time quantitative RT-PCR
did not reveal an appreciable di¡erence in DFF40 expression be-
tween primary keratinocytes and HL60 cells, indicating that
DNA degradation is di¡erently regulated in primary human ker-
atinocytes. It is known that apoptosis with typical DNA frag-
mentation does occur in cells of the keratinocyte lineage in hair
follicles, as has been shown in the past by agarose gel electrophor-
esis and TUNEL staining (Lindner et al, 1997; Matsuo et al, 1998).
There is additional evidence that epidermal stem cells with high
proliferative capacity reside in the hair follicle (Taylor et al, 2000;
Oshima et al, 2001). For reasons of safety these may be much
more sensitive to apoptosis stimuli, and thus may in fact express
DFF40 to expedite apoptosis in the case of toxic or carcinogenic
insult; this may also explain why typical DNA fragmentation is
only seen in the hair follicle. Furthermore, DFF40 expression
seen in cultured keratinocytes may re£ect the presence of cells de-
rived from hair follicles. In this study we have demonstrated that
TRAIL can induce apoptosis in human keratinocytes through its
receptors. Further research is needed to elucidate its role in epi-
dermal development and homeostasis. The fact that DFF40 is ex-
pressed in keratinocytes, together with diminished sensitivity of
di¡erentiating keratinocytes to TRAIL, strongly suggests that
suicidal pathways during terminal di¡erentiation are distinct
from typical apoptosis seen in response to cytotoxic stimuli, and
further supports previous ¢ndings that terminal di¡erentiation
involves other pathways (Eckhart et al, 2000; Lippens et al, 2000).
Little is known about the machinery that leads to cellular decay
during keratinocyte di¡erentiation, and future research is needed
to elucidate and identify relevant pathways and cellular machi-
neries involved in this process.
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